The selective lysosomal degradation (autophagy) of entire organelles is required for 7 cellular homeostasis, and its dysregulation is involved in degenerative disorders such as 8 
Introduction 27
The selective autophagy of organelles (organellophagy) constitutes a major part of cellular 28 proteostasis and homeostasis. Dysregulation in organellophagy particularly impacts differentiated 29 cells, such as neurons. The most notable example is mitophagy, whereby loss--of--function 30 mutations of mitophagy proteins such as PARKIN and PINK1 have been linked to 31 neurodegenerative diseases such as Parkinson's Disease 1 . It is now clear that the endoplasmic 32 reticulum (ER) can also be degraded via ER--specific autophagy (ER--phagy). 33
The endoplasmic reticulum (ER) is a multifunctional organelle that is the major site for 34 protein and lipid synthesis, as well as the quality control of newly synthesized proteins. To 35 prevent the accumulation of toxic protein aggregates, the ER harbors a well--studied quality 36 control pathway known as ER--Associated Degradation (ERAD), in which misfolded ER proteins are 37 extracted for destruction by the proteasome 2 . However, under certain conditions such as 38 starvation, fragments of the ER can also be degraded via ER--phagy 3, 4 . 39
During ER--phagy, fragments of the ER are engulfed in their entirety by autophagosomes 40 and sent for destruction in acidified lysosomes. This process is analogous to the lysosome--41 mediated degradation of mitochondria (mitophagy). Originally described in yeast, ER--phagy has 42 recently been demonstrated to mediate ER degradation in higher eukaryotic cells 3, 6, 7 . Two ER--43 membrane surface proteins with conserved LC3--interacting regions (LIRs), FAM134B and RTN3L, 44 can act as specific autophagy receptors for distinct parts of the ER 8, 9 . In addition, SEC62, a 45 component of the ER translocon, and CCPG1, a ER stress--induced ER--phagy receptor, have also 46 8 previous reports, neuroblastoma SH--SY5Y cells have high level of ATL1 relative to ATL2 and 162 ATL3 17 . However, in other cell lines, ATL1 can be completely absent. Across the panel of cell lines 163 tested, we generally found that there are one or two dominantly expressed Atlastins in each cell 164 line. For example, RPE1 cells only express ATL3 but HepG2 cells only express ATL2. In HCT116 165 cells, ATL2 is the dominant Atlastin relative to ATL1 and ATL3. 166 We stably knocked down ATL1, ATL2 and ATL3 via CRISPR--transcriptional inhibition 167 (CRISPRi) in both EATR HCT116--CRISPRi and CCER HCT116--CRISPRi cells that stably express 168 catalytically inactive dCas9 fused with a KRAB transcriptional repressor domain (dCas9--KRAB) 24 . 169
As a control, we knocked down ULK1, a central autophagic regulator kinase required for all forms 170 of autophagy. During starvation, EATR flow cytometry showed that knockdown of ULK1 was 171 sufficient to inhibit ER--phagy, consistent with ER--phagy proceeding through the canonical 172 autophagy pathway (Fig. 3A, Supp Fig. 3B) . 173 We then used CRISPRi to stably knock down ATL1, ATL2, and ATL3 in hCT116 cells, which 174 express high levels of ATL2. The knockdown efficiency of the sgRNAs for ATL1 and ATL3 were 175 variable, but there was no correlation between sgRNA knockdown efficiency and the extent of ER--176 phagy (Supp Fig.  3B--  D) . Conversely, we found that depletion of ATL2 inhibited ER--phagy in both 177 EATR and CCER assays, consistent with a role in ER--phagy (Fig. 3A, Supp Fig. 3C--E) . Moreover, 178 the extent of ER--phagy inhibition correlated very well with the knockdown efficiency of each ATL2 179 guide RNA (Fig. 3B) . We further validated that ATL2 is required for ER--phagy using an exon--180 targeting ATL2 small interfering RNA (siRNA), and found that siATL2 phenocopies sgATL2's 181 inhibition of ER--autophagy (Supp Fig. 3F and G) . 182
Using CCER, we also observed less accumulation of cleaved mCherry in both ULK1 and 183 ATL2 depleted cells (both sgRNA and siRNA) compared to the non--targeting control cells,9 consistent with inhibition of ER--phagy observed with EATR (Fig. 3C, Supp Fig. 3E and G) . 185
However, ULK1 knockdown also resulted in the accumulation of more LC3--I and less conversion 186 into LC3--II, indicating the expected block in general autophagy (Fig  3C,  Supp  Fig.  3G ). In contrast, 187 ATL2 depletion by either sgRNA or siRNA did not affect the degradation of LC3, suggesting no 188 inhibition of general autophagy (Fig. 3C, Supp Fig. 3G) . 189 We further used confocal microscopy to investigate the effect of ATL2 knockdown on ER--190 phagy using CCER cells. We observed that sgULK1 and sgATL2 cells show less mCherry--RAMP4 191 puncta that co--localize with the LAMP2 lysosomal marker ( Fig.  3D Fig. 4A ). To ask whether the various 199
Atlastins can perform similar functions during ER--phagy, we stably re--expressed cDNAs for ATL1, 200 ATL2 or ATL3 in HCT116 cell lines that are stably knocked down for ATL2. During starvation--201 induced ER--phagy, re--expression of any one of the three Atlastins was sufficient to rescue ER--202 phagy ( Fig.  3F  and  G,  Supp  Fig.  4B ). By contrast, truncated forms of each Atlastin lacking the ER--203 localizing transmembrane region (ΔTM) fail to rescue ER--phagy. In addition, immunoprecipitation 204 of ATL2 showed interaction with ATL3 in a manner that is dependent on the GTPase domain but 205 not the TM or C--terminal helix as evident by the lack of interaction with the dimerization defective 206 Arg244Gln (R244Q) mutant but stable interaction with the other constructs (Supp Fig. 4C ) 17 . This 207 indicates that ATL2 may form a heterodimer with ATL3. Overall, ATL1, ATL2 and ATL3 appear to 208 be functionally interchangeable during ER--phagy and their ER localization is required for this 209 function. 210 211
ATL2 acts downstream of FAM134B during ER--phagy 212
Previous studies established FAM134B as an ER surface receptor with LC3 interacting 213 regions (LIRs) that recruits autophagic components to the ER. Since ATLs are also localized on the 214 ER membrane, it is possible that they could also play a similar role in autophagosome recruitment. 215
However, while HA--FAM134B co--immunoprecipitates with LC3 in an LIR--dependent manner, 216 ATL2 does not bind to LC3, suggesting that ATL2 serves a different role during ER--phagy (Supp 217
Fig. 5A). 218
Since FAM134B and ATL2 appear to serve distinct functions during ER--phagy, we asked if 219 they act in the same pathway. To this end, we transiently knocked down ATL2 in FAM134B 220 overexpressing cells that upregulate ER--phagy even in the fed state. FAM134B overexpression 221 enhances the degradation of ATL2 under fed condition, and ATL2 protein level is further reduced 222 upon starvation, suggesting that FAM134B is upstream of ATL2 (Fig. 4A) . We also found that 223 ATL2 is epistatic to FAM134B overexpression, such that the knockdown of ATL2 reduces 224 FAM134B--induced ER--phagy in both fed and starved conditions ( Fig. 4A and B, Supp Fig. 5B) . 225
Hence, it appears that ATL2 is downstream of FAM134B during ER--phagy. GTP--dependent fashion (Fig. 5A) 18 . Upon GTP loading at the GTPase domain, ATL2 is primed for 232 dimerization with another activated ATL2, leading to ER membrane tethering. This is closely 233 followed by ER membrane fusion, a process that requires the C--terminal helix for locaized 234 membrane destabilization{Moss:2011eo}. We generated several constructs of ATL2 to interrogate 235 and compare the importance of each domain for ER morphology and ER--phagy (Fig. 5A) . 236
Overexpressed wild--type ATL2 localizes to the ER network, forming a distinctive reticular 237 network with interspersed puncta at the three--way junctions of the ER (Fig. 5B) . During 238 starvation, stable re--expression of wild--type ATL2 restored the diminished ER--phagy caused by 239 depletion of ATL2 ( Fig. 5C and D, Supp Fig. 6A) . 240
In the presence of endogenous ATL2, overexpressed ATL2 lacking the transmembrane 241 helices (ATL--ΔTM) did not localize to a clearly ER structure. Instead, this construct caused 242 mCherry--RAMP4 marked ER to collapse into an aggregated perinuclear cluster with radiating 243 strands (Fig. 5B) . This dominant negative ER morphology phenotype is consistent with previous 244 reports that free ATL2 GTPase domains serve as potent, dosage--dependent inhibitors to 245 endogenous ATL2 by preventing dimerization between endogenous ATL2 molecules and 246 inhibiting ER membrane fusion 18 . We found that re--expression of ATL2--ΔTM during ATL2 247 knockdown was unable to rescue ER--phagy ( Fig. 5C and D, Supp Fig. 6A) . 248 We then interrogated the requirement of membrane fusion for ER morphology 249 maintenance and ER--phagy using a truncated form of ATL2 that retains the transmembrane 250 regions but lacks the C--terminal helical domain (ATL2--ΔCterm), We found that overexpression of 251 ATL2--ΔCterm was not dominant negative and had a similar ER morphology to that of wild--type 252 ATL2 at basal state ( downstream of FAM134B, we propose that FAM134B is the ER--phagy receptor that recruits LC3 to 264 the ER, and Atlastins are responsible for membrane remodeling to deliver FAM134B--marked ER to 265 the autophagy (Fig. 5E) .
267

Discussion 268
The mechanisms underlying autophagy of the endoplasmic reticulum are just beginning to 269 be elucidated. We developed two independent systems, EATR and CCER, to report on specific 270 degradation of the ER. The flow cytometry, fluorescence microscopy, and Western blotting assays 271 derived from these systems offer sensitive and quantitative readouts for the progression of ER--272 phagy. Considering that only a small fraction of ER is actually targeted for ER--phagy at one time, 273 EATR and CCER are more sensitive than measuring endogenous ER protein degradation 3,25 . While 274 EATR provides a quantitative measurement at an individual cell level, CCER can be combined with 275 simultaneous immunoblotting of other ER and autophagy proteins to provide more mechanistic 276 13 insight into ER--phagy. EATR and CCER therefore serve as complimentary systems to orthogonally 277 explore ER--phagy. 278
Using EATR and CCER, we found that the ER--resident membrane organizing Atlastin 279
GTPases are required for ER--phagy. While ER--resident autophagy receptors such as FAM134B 280 have been identified, the machinery responsible for isolating ER fragments for delivery to 281 autophagosomes remains unclear 25 . During mitophagy, mitochondria--resident GTPases such as 282
MFNs and MIROs assume a passive role during mitophagy, in the sense that they are ubiquitylated 283 for proteasomal degradation and subsequently lead to mitochondria fragmentation prior to 284 autophagosomal engulfment 15, 26 . In contrast, our data suggest that Atlastins play an active role 285 during ER--phagy. Loss of Atlastins represses ER--phagy, and functional Atlastin domains required 286 for ER morphology are also required for ER--phagy. We also found that ATL2 depletion impedes 287 ER--phagy induced by FAM134B overexpression, indicating that ATL2 acts downstream of 288 FAM134B during ER--phagy. Since FAM134B--induced ER--autophagy leads to reductions in ATL2 289 levels, it also appears that Atlastins act both as an effector and a cargo of FAM134B--mediated ER--290 phagy. 291
Our functional studies of ATL2 indicate that a functional GTPase domain, ER localization, 292 and C--terminal helix are all required during ER--phagy. While we cannot conclusively rule out 293 additional roles of Atlastin during starvation, our data suggest that Atlastin's role during ER--phagy 294 is closely related to its role of ER membrane remodeling. We propose that FAM134B recruits 295 autophagosomes to ER destined for autophagic degradation, and Atlastins locally remodel the 296 FAM134B--marked ER for packaging into autophagosomes (Fig.  5E ). ATL1 in particular has known 297 roles in in ER vesiculation during normal homeostasis, and this function may be co--opted during 298 ER--phagy 23 . ER--phagy, we suggest that an inability to execute ER--phagy might be a contributing factor to HSP 312 caused by ATL1 mutations. It remains to be seen whether HSP is concretely caused by deficits in 313 ER--phagy or dysfunctional ER morphology, and further mechanistic studies will hopefully shed 314 light on the molecular basis of the disease. 315 316 Information for the sgRNA sequences targeting the transcription start site (TSS) of 3 each gene were obtained from the Weissman CRISPRi--v2 library 1 . In each case, the 4 top 5 guides were cloned into pGL1--library vector (Addgene # 84832) as previously 5 described 1 . Knockdown efficiency for each guide was either validated by qRT--PCR 6 or western blotting. A complete list of all sgRNA constructs used in this study is 7 listed in Supp Table 1 . 8
Short hairpin (sh) non--targeting (NT) and shFAM134B were cloned into 9 pLKO.1 puro construct (Addgene #8453) according to protocol available at Addgene 10 website (http://www.addgene.org/tools/protocols/plko/). shRNA sequences used 11 in this study are listed in Supp Table 1 . 
